Objective. The pathogenesis of Behçet's disease (BD), an inflammatory disease with multisystem involvement, remains poorly understood. This study was undertaken to investigate whether there are DNA methylation abnormalities in BD that might contribute to the pathogenesis of the disease.
the cytoskeleton might contribute to the pathogenesis of BD. Further, treatment of BD modified the differences in DNA methylation observed in patients compared to controls; indeed, among CpG sites that were differentially methylated after disease remission versus before treatment, there was widespread reversal of the direction of aberrant DNA methylation observed between the patient and control groups.
Conclusion. The results of this epigenome-wide study-the first such study in BD-provide strong evidence that epigenetic modification of cytoskeletal dynamics underlies the pathogenesis of BD and its response to treatment.
Behçet's disease (BD) is an inflammatory disease characterized by the presence of recurrent oral and genital ulcers, skin lesions, and uveitis. Mucocutaneous lesions in BD typically exhibit leukocyte infiltration, primarily by T cells and monocytes (1) . Widespread enhancement of leukocyte motility and tissue infiltration occurs in BD. Monocytes from patients with BD display increased activity and promote increased neutrophil adhesion (2) . Further, levels of macrophage inflammatory protein 1␣, which promotes lymphocyte chemotaxis, are elevated in BD (3) . Activated CD4ϩ T cells play a critical role in BD pathogenesis, and an expansion of Th17 cells via interleukin-21 signaling and increased levels of ␥/␦ T cells are observed (4) (5) (6) .
Endothelial cell injury is common in BD. Levels of soluble E-selectin molecules have been reported to be increased in the serum of patients with active disease (7) . Vascular endothelial cell function becomes impaired in response to oxidative damage (8) . Disruption of tight junctions between endothelial cells is mediated by changes in class II myosin phosphorylation and remod-eling of the F-actin cytoskeleton (9) . Cytoskeletal remodeling in endothelial and immune cells accompanies lymphocyte adhesion and tissue infiltration in the normal inflammatory response (10) . Treatments that disrupt microtubule processing might be effective in limiting the frequency and severity of mucocutaneous symptoms in BD, but their exact mechanism of action remains uncertain.
BD has a strong genetic component, as evidenced by the geographic concentration of the disease along the Old Silk Road (11) . The most robust genetic association observed in BD to date is within the HLA region. Recent evidence suggests that there are multiple independent genetic susceptibility loci for BD in the HLA class I region, with the strongest effect localized to the genetic region between HLA-B and MICA (12) . Multiple associations outside of the HLA region have also been reported in BD, including associations with IL10, IL23R, UBAC2, STAT4, CCR1, KLRC4, ERAP1, and GIMAP2/GIMAP4 (13) . While there is a strong genetic component to BD, genetic variation alone is not sufficient to explain the heritability and pathogenesis of the disease.
To date there have been no reported studies of the involvement of DNA methylation (the addition of a methyl group to the fifth carbon in cytosine rings within CpG dinucleotides) in BD. However, there is a growing body of evidence that changes in DNA methylation have an important role in multiple immune-mediated diseases (14) (15) (16) (17) . DNA methylation ex utero is primarily mediated by DNA methyltransferase 1 and is generally a repressive epigenetic mark. Hypermethylation of DNA results in transcriptional gene repression, while hypomethylation is associated with a chromatin configuration that is transcriptionally permissive (18) .
Herein we report the results of an epigenomewide study of the methylation status of Ͼ485,000 individual methylation sites across the genome, among treatment-naive BD patients and healthy matched controls. We also evaluated epigenome-wide DNA methylation status in individual BD patients before and after treatment with achievement of disease remission. We obtained evidence of widespread DNA methylation changes in BD across the genome. Our data suggest that DNA methylation changes in genes involved in cytoskeletal dynamics contribute to the pathogenesis of BD and that restoration of DNA methylation of microtubuleprocessing genes occurs following achievement of disease remission.
PATIENTS AND METHODS
Patient selection and sample collection. Sixteen male BD patients and 16 healthy controls matched for age (Ϯ5 years), sex, and ethnicity were recruited to participate in this study. All patients were recruited from the rheumatology clinics at Marmara University School of Medicine. Disease manifestations of the patients are reported in Supplementary  Table 1 (on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.38409/abstract). All patients studied had either not received treatment for BD or had not received treatment for at least 3 months prior to enrollment, and samples were collected at the initial study visit. Samples were further collected from 12 of the 16 BD patients following treatment and achievement of disease remission (defined as the absence of any disease-associated symptoms or organ involvement for at least 1 month). The study was approved by the ethics committees and institutional review boards at Marmara University School of Medicine and the University of Michigan. All study participants provided written informed consent prior to enrollment.
Isolation of monocytes and CD4؉ T cells and DNA extraction. Peripheral blood mononuclear cells (PBMCs) were isolated, by density-gradient centrifugation (Amersham Biosciences), from fresh blood samples obtained from BD patients and healthy controls. Monocytes and CD4ϩ T cells were purified from PBMCs by magnetic bead separation (Miltenyi Biotec). The purity of isolated cell populations, confirmed by flow cytometry using fluorochrome-conjugated antibodies against CD14 (for monocytes) and CD4 (for T helper lymphocytes), was Ͼ90% for both monocytes and CD4ϩ T cells. Genomic DNA was obtained from isolated monocytes and CD4ϩ T cells using a DNeasy Blood and Tissue Kit (Qiagen).
Genome-wide DNA methylation profiling. Bisulfite conversion was performed using an EZ DNA Methylation Kit (Zymo Research). Whole-genome amplification of bisulfiteconverted DNA was performed prior to array hybridization. An Infinium HumanMethylation450 BeadChip array kit was used to assess the methylation status of Ͼ485,000 individual methylation sites throughout the genome. This array covers 99% of RefSeq genes, with an average of 17 CpG sites per gene across the promoter region, 5Ј-untranslated region (5Ј-UTR), first exon, gene body, and 3Ј-UTR. It also covers 96% of CpG islands. Non-CpG methylated sites recently identified in human stem cells are also covered, as are microRNA promoter regions.
Quality control, identification of differentially methylated CpG sites, and bioinformatic analysis. Comparisons of DNA methylation levels between BD patients and healthy controls were performed separately for monocytes and CD4ϩ T cells. Differences in DNA methylation associated with treatment for BD were also assessed separately in monocytes and CD4ϩ T cells. Differential methylation analysis was performed using the Genome Studio methylation package. Beta values were used to represent the percent methylation at each CpG site, and were calculated using the ratio of intensities between methylated and unmethylated alleles, as follows: ␤ ϭ methylated/(unmethylated ϩ methylated ϩ 100).
Methylation data were normalized in Genome Studio. Prior to analysis a total of 50,446 probes were removed due to the presence of single-nucleotide polymorphisms within 10 bases of the CpG target sequence. No probes were observed to have detection P values greater than 0.05. The P value for differential methylation between patients and controls was calculated using the following equation:
where s is the standard deviation estimate and z is the 2-sided tail probability of the standard normal distribution. The standard deviation estimate s is a function of ␤ and was calculated as s ϭ A␤ 2 ϩ B␤ ϩ C, where A ϭ Ϫ0.1511, B ϭ 0.1444, and C ϭ 0.01646. A, B, and C values were derived by Illumina by repeatedly measuring loci with known methylation fractions ranging from 0 to 1 and fitting a parabola to the standard deviation as a function of ␤. A differential methylation score (DiffScore) for each probe was calculated as follows:
where sgn(i) ϭ ϩ1 when i Ͼ 0, sgn(i) ϭ 0 when i ϭ 0, and sgn(i) ϭ Ϫ1 when i Ͻ 0.
Probes with an average methylation difference (⌬␤) of at least 10% (BD patients versus controls) or 5% (patients before treatment versus patients after treatment) and differential methylation scores of at least 22 (equivalent to a differential methylation P value of Յ0.01), after adjustment for multiple testing using a Benjamini and Hochberg false discovery rate (FDR) of 5%, were considered differentially methylated. A linear regression model was fitted to estimate batch effect in differentially methylated loci using R, and no batch effect was detected in our study.
We performed bioinformatic analysis to identify canonical pathways and cellular processes that were enriched among differentially methylated CpG sites, through Gene Ontology (GO) analysis using DAVID software (19) . We examined enrichment among OMIM diseases, Kyoto Encyclopedia of Genes and Genomes pathways, PANTHER pathways, molecular function (MF), cellular component (CC), and biologic process (BP) gene ontology terms among differentially methylated gene sets. A background of all RefSeq genes was selected for GO analysis in DAVID. Network interaction analysis was performed using GeneMania (20) .
RESULTS
Behçet's disease-associated differences in DNA methylation. We observed significant differences between BD patients and healthy controls in DNA methylation across the genome ( Figure 1A ). In monocytes, 383 CpG sites in 228 genes were differentially methylated between patients and controls, with 129 hypermethylated CpG sites and 254 hypomethylated sites (Table 1  and Supplementary Table 2 [on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/ 10.1002/art.38409/abstract]). In CD4ϩ T cells, there were 125 differentially methylated CpG sites (67 hypomethylated and 58 hypermethylated) in 62 genes (Table  2 and Supplementary Table 3 ). While hypomethylation was more prevalent in monocytes, we observed a high degree of concordance between CD4ϩ T cells and monocytes in terms of differential methylation; indeed, 59 of the 125 CpG sites that were differentially methylated in CD4ϩ T cells from BD patients compared to controls were also differentially methylated in monocytes from BD patients.
Bioinformatic findings. Bioinformatic assessment revealed an enrichment of genes and pathways associated with cytoskeletal remodeling among genes that were differentially methylated in monocytes from BD patients versus healthy controls, and GO term analysis using DAVID software revealed significant en- * The sites listed are those that were the most highly hypo-or hypermethylated in patients compared to controls.
DNA METHYLATION CHANGES IN BEHÇ ET'S DISEASE
richment of genes related to cytoskeletal dynamics and function among these 228 genes (Table 3) . Specifically, genes in the cytoskeletal protein binding, actin cytoskeleton, and M band categories (MF 0008092, CC 0015629, and CC 0031430, respectively) showed the most significant enrichment among genes that were differentially methylated in monocytes. Among the 62 genes that were differentially methylated in CD4ϩ T cells, the most prominent according to GO term analysis were related to antigen processing and presentation, with this finding driven primarily by differential methylation in 3 loci within the HLA class II region (Table 4) . Enrichment of genes associated with cytoskeletal processes was also observed in CD4ϩ T cells, but to a lesser degree than in monocytes. In CD4ϩ T cells, actin cytoskeleton (CC 0015629), cytoskeletal regulation by Rho GTPase (PANTHER P00016), and cytoskeletal protein binding (MF 0008092) were all significantly enriched (FDR Ͻ 0.20).
Differential methylation of genes associated with cytoskeletal remodeling. The set of differentially methylated CpG sites in monocytes and CD4ϩ T cells from patients with BD compared to healthy controls included CpG sites in genes that are involved in multiple levels of cytoskeletal regulation, structure, and function (Supplementary Tables 4 and 5 and hypomethylation of FSCN2 were observed in monocytes and CD4ϩ T cells from these patients (Figure 1B  and Supplementary Tables 4 and 5 ). ANK1, coding for ankyrin 1, is associated with attachment of integral membrane proteins to the actin cytoskeleton and was also hypermethylated in monocytes from BD patients compared to healthy controls. Altered methylation of nonmuscle myosin genes was detected in both monocytes and CD4ϩ T cells from BD patients compared to controls. We observed hypermethylation of myosin heavy chain 15 (MYH15) in Table 4 ). Differential methylation of genes encoding microtubule-related proteins was also found in both cell types. Hypomethylation of TBCD, KIF1B, and DNAH3 was detected in monocytes, and TUBB8 was hypermethylated in BD patient CD4ϩ T cells compared to controls ( Figure 1B Alteration of DNA methylation in microtubule processing genes after treatment for Behçet's disease. We found widespread differences in DNA methylation between monocytes and CD4ϩ T cells from untreated BD patients with active disease and samples obtained from the same patients following treatment and achievement of disease remission. A lower threshold for DNA methylation differences (⌬␤ Ն 0.05) was applied to enable detection of smaller changes in DNA methylation and partial restoration (by at least 50%) of the DNA methylation changes observed in patients with BD. We detected a total of 1,426 differentially methylated CpG sites in monocytes after treatment; of these, 636 were hypomethylated and 790 were hypermethylated. In CD4ϩ T cells, a total of 2,044 CpG sites were differentially methylated following treatment, with 1,012 hypomethylated and 1,032 hypermethylated.
Bioinformatic analysis of genes that displayed differential methylation in BD patients following treatment revealed enrichment of genes in multiple GO categories, including some that are related to microtubules, in both cell types (Supplementary * KEGG ϭ Kyoto Encyclopedia of Genes and Genomes; MHC ϭ major histocompatibility complex (see Table 3 for other definitions).
organization (BP 0007010), and cytoskeleton (CC 0005856) genes were enriched. Microtubule cytoskeleton was also among the top 20 terms obtained in GO term analysis of CD4ϩ T cells after treatment. Altered methylation of genes associated with microtubule structure and organization was found in both monocytes and CD4ϩ T cells following treatment (Supplementary Tables 7 and 8) . Hypomethylation of tubulin genes TUBA3C and TUBA3D and tubulin polymerizing promoting protein (TPPP) was observed after treatment of BD and achievement of disease remission. Further, we observed significant alteration of the methylation of kinesin and dynein genes in both monocytes and CD4ϩ T cells. KIF2A was hypermethylated in both cell types following treatment.
Treatment-induced reversal of DNA methylation changes in monocytes and CD4؉ T cells from Behçet's disease patients. Alterations in DNA methylation patterns occurring in BD patients after achievement of disease remission were found to counteract DNA methylation differences between BD patients and healthy controls that had been observed pretreatment. Among CpG sites that were differentially methylated after treatment versus before, there was almost exclusive reversal of the direction of aberrant methylation demonstrated between patients and controls (Figure 2A) . In a com- Figure 2 . Reversal of changes in DNA methylation in Behçet's disease (BD) patients following treatment. A, CpG sites that were differentially methylated in individual BD patients after versus before treatment (differential score Ն 22, ⌬␤ Ն 0.05), plotted according to the differences in DNA methylation observed between BD patients and healthy controls (x-axes) and the change in methylation upon treatment (y-axes). In each panel, CpG sites that were hypomethylated in BD patients are represented on the left of the vertical dashed line, and hypermethylated sites on the right. CpG sites with increased and decreased methylation following treatment are represented above and below the horizontal dashed line, respectively. CpG sites in the upper left and lower right quadrants are those in which treatment acted to reverse differences between BD patients and controls. Enrichment of treatment-responsive CpG sites in the upper left and lower right quadrants of the plots demonstrates that treatment-induced reversal of BD methylation differences occurred frequently. B, Methylation changes in differentially methylated CpG sites in BD patient monocytes that also displayed differential methylation in individual patients after disease remission was achieved. There were a total of 94 such sites, and in 93 of these (represented in the figure), the direction of methylation change in individual patients after versus before remission was opposite to the direction of change observed between patients and controls. Red bars represent the difference in percent methylation between patients and controls; blue bars represent the difference in percent methylation on the same CpG sites in patients after achievement of disease remission compared to the same patients before treatment.
parison of methylation differences identified between BD patients and healthy controls and those detected within individual BD patients before and after treatment, there were 94 overlapping CpG sites among 69 genes in monocytes and 9 overlapping CpG sites among 7 genes in CD4ϩ T cells. In both cell types, treatment reversed BD-associated differences in DNA methylation. In 93 of the 94 CpG sites that displayed differences in BD monocytes following treatment, the direction of methylation change was opposite to that observed between BD patients and controls ( Figure 2B ). In many cases DNA methylation in BD patients was completely restored following treatment, to levels similar to those in controls (Supplementary Table 9 [http:// onlinelibrary.wiley.com/doi/10.1002/art.38409/abstract]).
DISCUSSION
In this first reported epigenomic study of BD, we have obtained evidence of widespread and reversible patterns of altered DNA methylation in this disease. Of particular interest, epigenetic dysregulation in BD was evident across multiple levels of cytoskeletal organization including actin binding, Rho GTPase enzymes, motor proteins, and microtubule structure. Cytoskeletal rearrangement is a process involved in locomotion, focal adhesion, and cellular proliferation in leukocytes. Our data suggest that aberrant epigenetic regulation of cytoskeletal remodeling genes in BD might underlie the increased leukocyte migration and tissue infiltration central to pathogenesis of the disease.
Among the differentially methylated genes detected in BD, we demonstrated hypomethylation of cytoskeletal genes implicated in increased chemotaxis in normal lymphocytes and invadopodia formation in cancer. Fascin plays a central role in filopodia formation and potentiates invasive migration of cancer cells (25, 26) , and we observed hypomethylation of fascin actin-bundling protein 2 (FSCN2) in monocytes and CD4ϩ T cells from patients with BD. Hypomethylation of SSH1, a cofilin-phosphatase that regulates actin filament dynamics of cell migration (27) , was found in monocytes, but not CD4ϩ T cells, from BD patients. In monocytes and CD4ϩ T cells, we demonstrated hypermethylation of BAIAP2L1 (IRTKS), which functions in actin bundling and cell migration (28, 29) .
In CD4ϩ T cells, RAC1 displayed the highest level of hypomethylation in BD patients compared to controls. Further, partial restoration of reduced RAC1 methylation was observed in patients after achievement of disease remission. Differential methylation of RAC1 accessory proteins including the actin regulatory protein ARHGAP24, which functions to reduce expression of Rac1 and Cdc42 in murine podocytes (30) , was also detected in monocytes from BD patients. MPRIP, which was hypermethylated in BD patient monocytes, is involved in the formation of actin structures that are involved in T cell migration through the activation of Rac1 (31) . We observed hypermethylation of synaptojanin 2 (SYNJ2), a Rac1 effector that regulates clathrin-mediated endocytosis and invadopodia formation (32) , in BD patient monocytes and CD4ϩ T cells following treatment.
In lymphocytes, myosin motor proteins perform a variety of cellular functions including regulation of the cytoskeleton, projections of the cell surface, and cell membrane processes (e.g., phagocytosis) (33) . Myosin light chain phosphorylation influences monocyte migration through the endothelial barrier (34) . Class II myosins play a role in cell motility through regulating actin polymerization in the formation of lamellipodia. Nonmuscle myosin heavy chain IIA (MYH9) is involved in abrogation of T cell motility upon antigen recognition and focal adhesion (35) . In BD monocytes, we observed hypermethylation of obscurin (OBSCN) and ANK1. Obscurin is involved in myofibril organization through its regulation of TC10 (RhoQ) and also interacts with ANK1 (36, 37) . MYH15 was hypermethylated in BD monocytes and CD4ϩ T cells. In addition, altered methylation of myomesin 2 (MYOM2) was observed in BD CD4ϩ T cells.
Immune complex formation might be involved in the pathogenesis of BD (38) . Interestingly, cytoskeletal components are frequent targets for autoantibody formation in BD, and antibodies recognizing intermediate filaments of the cytoskeleton have been observed (39) . Further, autoantibodies targeting cofilin 1, tubulin-like, and actin-like self antigens have been demonstrated in a subset of patients (40) .
We examined the effect of treatment and disease remission on DNA methylation changes in monocytes and CD4ϩ T cells from patients with BD. Colchicine is commonly used as a first-line treatment for mucocutaneous manifestations of BD and was the primary medication used to manage the disease in the patients included in this study. The effectiveness of colchicine in limiting the severity of BD is thought to be due to its ability to attenuate leukocyte chemotaxis (41) . Colchicine is known to limit cell motility through the disruption of microtubule organization and structure. Consistent with this known effect, a number of genes related to microtubule formation and organization were differentially methylated in both monocytes and CD4ϩ T cells from BD patients following colchicine treatment. Hypermethylation of the kinesin gene KIF2A and hypomethylation of TPPP were observed in monocytes and CD4ϩ T cells from treated patients. Interestingly, kinesin deficiency results in weakened intercellular adhesion without affecting adherens junction components at the plasma membrane (42) . Up-regulation of TPPP has been reported to induce altered microtubule structure and reduce cell viability (43) .
In BD monocytes we observed hypomethylation of tubulin folding cofactor D (TBCD), which was reversed upon treatment. Similarly, hypomethylation of tripartite motif containing 39 (TRIM39) in BD monocytes was reversed following treatment. A genetic association between TRIM39, which encodes a RING domain-containing E3 ubiquitin ligase, and BD has been previously reported in a Japanese population (44) . Of interest, we also detected hypomethylation of UBAC2, which encodes a protein with a ubiquitinassociated domain, in BD patient monocytes, suggesting a role of this gene product in ubiquitination pathways. UBAC2 is a confirmed genetic susceptibility locus in BD, and the risk allele in this locus has been shown to be associated with increased UBAC2 messenger RNA expression in PBMCs (45) . The DNA hypomethylation detected in UBAC2 was almost completely restored upon disease remission in our patients. Differential methylation in several HLA class II loci was notable primarily in CD4ϩ T cells from patients with BD. Specifically, hypomethylation across several CpG sites in HLA-DRB5 and HLA-DRB6 was observed. There is currently no strong evidence supporting the presence of a genetic susceptibility locus within HLA class II in BD, despite the demonstration of multiple independent susceptibility loci located within HLA class I (12) .
In summary, the current results provide evidence of epigenetic remodeling and reversal of specific DNA methylation changes following the achievement of remission in an inflammatory disease. This emphasizes the potential for epigenetic studies to reveal novel aspects of disease pathogenesis, which might lead to the identification of new targets for disease monitoring and treatment. Our findings strongly support the notion that dynamic and reversible epigenetic changes in cytoskeletal remodeling genes play an important role in the pathogenesis of BD. We have demonstrated that following treatment, BD-associated variations in DNA methylation undergo epigenetic remodeling, with reversal of DNA methylation differences observed between BD patients and controls. DNA methylation changes that are restored upon disease remission represent potential biomarkers for disease activity and treatment responsiveness in BD. A large longitudinal study will be necessary to fully explore the utility of these altered DNA methylation changes as biomarkers. Future investigations to characterize the capacity of specific DNA methylation changes in BD and other inflammatory and autoimmune diseases to predict disease manifestations, clinical course, and response to treatment are warranted.
